ABSTRACT: Small molecules that inhibit the protein kinase A, G, and C (AGC) family of serine/threonine kinases can exert profound effects on cell homeostasis and thereby regulate fundamental processes such as heart rate, blood pressure, and metabolism, but there is not yet a clinically approved drug in the United States selective for a member of this family. One subfamily of AGC kinases, the G protein-coupled receptor (GPCR) kinases (GRKs), initiates the desensitization of active GPCRs. Of these, GRK2 has been directly implicated in the progression of heart failure. Thus, there is great interest in the identification of GRK2-specific chemical probes that can be further developed into therapeutics. Herein, we compare crystal structures of small molecule inhibitors in complex with GRK2 to those of highly selective compounds in complex with Rhoassociated coiled-coil containing kinase 1 (ROCK1), a closely related AGC kinase. This analysis suggests that reduced hydrogenbond formation with the hinge of the kinase domain, occupation of the hydrophobic subsite, and, consequently, higher buried surface area are key drivers of potency and selectivity among GRK inhibitors.
O ver the past several decades, many potent, selective small molecule drugs targeting G protein-coupled receptors (GPCRs) have been generated and now serve as front-line therapeutic interventions in treating human diseases ranging from schizophrenia/bipolar disorder 1 to asthma. 2 Along with a dramatic recent increase in our structural understanding of GPCRs, 3−5 there has been a parallel increase in efforts to achieve "softer control" of GPCR signaling via allosteric modulators, 6 molecules capable of biased signaling, 7 and compounds that inhibit GTPase activating proteins acting on heterotrimeric G proteins. 8 Another soft approach to modulate GPCR signaling is to inhibit GPCR kinases (GRKs), a subfamily of the protein kinase A (PKA), G, and C (AGC) branch of the kinome 9 that initiates the desensitization of activated GPCRs through phosphorylation of Ser/Thr residues in the third intracellular loop and/or carboxyl terminal tail of the receptor. 10 These covalent modifications promote the binding of arrestins, which not only uncouple the receptors from heterotrimeric G proteins and target them for endocytosis but also instigate G protein-independent signaling pathways. 11, 12 Thus, inhibiting GRKs, which would block arrestindependent processes, can enhance G protein-dependent signaling through GPCRs. Consequently, coadministration of a specific GRK inhibitor may allow use of lower doses of drugs that serve as agonists at GPCRs, thereby alleviating off-target effects. In support of this idea, Raf kinase inhibitor protein inhibits GRK2 in the heart, thereby enhancing signaling through β adrenergic receptors and contractility responses, 13 and GRK5-deficient mice exhibit enhanced muscarinic sensitivity. 14 Individual GRKs are also relevant drug targets in their own right. 15−17 Phosphorylation of dopamine D 1 receptors in the kidney by activating mutations in GRK4 is believed to cause essential hypertension, 18 and inhibition of GRK5 is reported to protect against cardiac hypertrophy. 19 However, among these enzymes, the most well-established drug target, and the chief focus of this review, is GRK2, an enzyme strongly implicated in the progression of heart failure. In this pathophysiological state, a 3-fold increase of GRK2 protein and mRNA levels is observed 20−22 and thought to underlie downregulation of β 1 -adrenergic receptors, resulting in reduced cAMP levels and contractility. Mouse models that overexpress GRK2 in the heart recapitulate much of this phenotype. 23, 24 Studies using a cardiac-specific GRK2 gene deletion or a cardiac-specific expression of a dominant negative protein domain derived from the C-terminal portion of GRK2 (GRK2ct, also known as βARKct) showed that reduction of GRK2 activity improves outcomes in mouse models of heart failure. 25−28 When myocytes are transfected with GRK2ct, free Gβγ subunits are sequestered and translocation of GRK2 to the membrane is attenuated, leading to significantly increased cAMP accumulation in cells stimulated with isoproterenol. 29 Furthermore, overexpression of GRK2ct in a murine model of heart failure completely reversed heightened βAR desensitization, as measured by responsiveness to isoproterenol in vivo and isoproterenol-stimulated membrane adenylyl cyclase activity in vitro, and prevented development of cardiomyopathy. 30 More recently in a preclinical porcine model, heart failure was ameliorated by viral-mediated GRK2ct administration. 31 The beneficial impacts of GRK2 inhibition are not limited to the myocardium, as GRK2ct delivered to the adrenal gland resulted in lower sympathetic tone and improved cardiac βAR signaling and function. 32 Thus, it is likely that systemic inhibition of GRK2 would be of therapeutic benefit during heart failure.
However, clinically useful small molecule inhibitors of GRK2 and other GRKs have yet to be described. This review highlights recent developments in the identification and structural analysis of small molecule GRK inhibitors. We begin by discussing what is known about small molecules that target other AGC kinase subfamilies, seeking to identify molecular clues that could lead to the rational design of more potent GRK inhibitors and avoidance of off-target effects.
■ AGC KINASE DOMAIN STRUCTURE
In response to the activation of cell surface receptors and other physiological cues, AGC kinases phosphorylate serine and/or threonine residues on various intracellular targets involved in cell homeostasis. AGC kinases are understood very well at the structural level thanks to seminal work by the Taylor lab on cAMP-dependent protein kinase (PKA). 33−35 Although many AGC kinases contain additional regulatory domains or subunits, their catalytic cores are highly conserved and consist of three elements ( Figure 1a ). The first two are homologous to those found in all protein kinases: a small (or N) lobe composed of an antiparallel β-sheet along with a few α helices and a large (or C) lobe composed primarily of α-helices that forms the primary binding site for protein substrates. The active site is formed at the interface of these two domains and is the binding site for most known AGC kinase small molecule inhibitors. In many AGC kinase domains, interaction with 2Mg
2+
·ATP drives closure of the active site cleft such that catalytic residues and the bound polypeptide substrate on the large lobe are brought into close proximity with the γ-phosphate of ATP. This closed conformation, typified by the structure of PKA conducting phosphotransfer on the ATP analogue adenosine 5′-(β,γ-imido)triphosphate (AMPPNP), 33 is believed to represent the catalytically active configuration of all AGC kinases (Figure 1a) . On the basis of the interactions of ATP in this state, three distinct subsites have been defined for small molecule inhibitors that bind in the active site: the adenine, ribose, and polyphosphate subsites. 36 Some inhibitors also take advantage of a fourth pocket adjacent to the polyphosphate subsite known as the hydrophobic subsite (Figure 1b) . Small molecules that bind in the active site cleft typically induce a change in the relative positions of the small and large lobes, in part because the hinge that mediates domain closure typically forms direct interactions with compounds that occupy the adenine subsite and also because the two lobes can often adjust their relative orientation to optimize contacts with the bound inhibitor.
The third element of the AGC catalytic core, found in all members except phosphoinositide-3-phosphate dependent protein kinase 1 (PDK1), is a C-terminal extension (C-tail) that interacts both lobes of the kinase domain and contributes to the active site when the kinase domain is in a closed conformation. Three regions of the C-tail have been defined: the C-lobe tether, which forms extensive interactions with the large lobe of the kinase domain, the active site tether (AST), which typically contributes residues into the active site, and the N-lobe tether (NLT), which packs against the small lobe of the kinase domain and often contributes an extra helix and β strand to the domain (Figure 1a) . 37 PDK1 interacts in trans with the NLT of other AGC kinases and activates them via transphosphorylation of their activation loops. 38 The AST is not only one of the most flexible regions of the AGC kinase domain but also one of the most variable in sequence, 37 making it difficult to resolve in crystal structures and to homology model. However, given that residues in the AST can form direct interactions with ligands in the active site cleft, it also likely Figure 1 . Overview of the catalytic subunit of PKA, the canonical AGC kinase. (a) The large (C) lobe (green) and small (N) lobe (yellow) of the kinase domain form the active site at their interface. The Cterminal extension of the domain, characteristic of AGC kinases, extends from the C-terminus of the large lobe, passes over the active site, and then interacts with the small lobe. Three regions of the extension have been described as the C-lobe tether (CLT, purple), the active site tether (AST, cyan), and the N-lobe tether (NLT, blue). 37 In this structure, a peptide substrate (colored wheat) was cocrystallized with the enzyme in complex with an AMPPNP substrate analogue (stick model; PDB entry 4HPU). The amino and carboxyl termini of the domain are labeled N and C, respectively. (b) Close-up view of AMPPNP bound in the active site of PKA illustrates the adenine, ribose, and polyphosphate subsites commonly occupied by kinase inhibitors. 36 A fourth hydrophobic subsite is sometimes occupied by larger inhibitors such as balanol and the Takeda compounds. 77, 80 Hydrogen bonds formed between the adenine ring of AMPPNP and the hinge, ribose and the large lobe, and catalytic lysine are shown as dashed lines. These hydrogen bonds are often recapitulated in small molecule inhibitor complexes.
contributes to the specificity and affinity of some inhibitors. The structure of the AST region, in combination with the relative orientation of the small and large lobes, is thus an important consideration for the rational design of drugs that selectively target AGC kinases.
■ SMALL MOLECULE INHIBITION OF OTHER AGC KINASES
Staurosporine. The natural product staurosporine ( Figure  2a ) was initially identified as a potent inhibitor of PKC (IC 50 = 2 nM). 39 However, even in this initial report it was noted that staurosporine exhibits comparable inhibition of PKA and is now known as an efficacious inhibitor of many protein kinases. The crystal structure of staurosporine in complex with PKA 40 ( Figure 3 ) demonstrated that it binds in the ATP binding site despite exhibiting a noncompetitive mechanism of inhibition. 41 The large aromatic ring system of staurosporine drives the two lobes of the kinase domain into a conformation slightly more open than the activated state, as it does when in complex with PKC, 42 p90 ribosomal S6 kinase (RSK), 43 and PDK1. 44 The buried accessible surface area (ASA) for staurosporine bound to PKA is considerably higher than that of AMPPNP (330 vs 225 Å 2 , respectively), which likely underlies their difference in inhibitory potency (Table 1) .
Staurosporine exploits features that are common to all protein kinase active sites. In the adenine subsite, the lactam group of staurosporine binds in the same planar pocket and makes specific contacts analogous to those of the adenine ring of ATP. For example, in the PKA complex, the cyclic nitrogen and carbonyl oxygen of the lactam form hydrogen bonds with the backbone carbonyl of Glu121 and the amide nitrogen of Val123, respectively, in the hinge of the kinase domain ( Figure  3 ). In the ribose binding site, staurosporine forms an additional hydrogen bond with the same backbone carbonyl (Glu170 in PKA), as would the 3′-OH of ribose.
The interactions of promiscuous drugs like staurosporine highlight some of the challenges in designing selective protein kinase inhibitors. The structure of the ATP binding pocket is increasingly similar as different kinase domains adopt increasingly active conformations, and specific hydrogen bonds are typically formed between the drug and the peptide backbone or invariant residues. Slight alteration in the relative orientation of the small and large lobes helps to alleviate any steric clashes that might arise due to the presence of unique side chains in the active site of one kinase versus another. Consequently, the development of selective AGC kinase inhibitors generally requires deemphasizing the formation of specific interactions and instead focusing on trapping conformations unique to individual kinases 36 or on interactions with unique features outside the canonical active site, such as the AST region. However, it should be noted that although staurosporine traps AGC kinases in very similar closed conformations, a wide variety of P-loop conformations are observed in these structures ( Figure 3 ), perhaps because it is influenced by less conserved residues outside the active site. Thus, even highly conserved active site elements can still be exploited to confer additional selectivity so long as they are sufficiently flexible. ROCK Inhibitors. Despite the high homology of AGC kinase active sites, highly potent and selective small molecule inhibitors have been identified for specific subfamilies. Of particular interest with respect to GRKs is the Rho-associated coiled-coil containing kinase subfamily (ROCK1 and ROCK2), which is a therapeutic target due to its roles in regulating cell migration and smooth muscle relaxation. 45−47 ROCKs and GRKs share a number of atypical features among AGC kinases that may avail them to the design of selective drugs. The first is that they do not require phosphorylation of their activation loops to achieve a fully active state. Accordingly, crystal structures demonstrate that the catalytic residues of the individual small and large lobes are well-ordered and in an active configuration. This likely reflects that the fact that the key activation event for these enzymes is the binding of regulatory proteins that coerce the kinase domain to close into a catalytically competent configuration. In the case of ROCK, it requires the binding of activated RhoA to its coiled-coil domain, whereas for GRKs, it requires the binding of an activated GPCR. Thus, the conformation of the active site cleft of these enzymes in their inactive states is likely quite different from those of other AGC kinases. Second, ROCK1 has a unique "signature" of side chains at positions that are variable in the active site: Ile82, Met156, Asp160, and Ala215 in the kinase domain and Phe368 in the AST. 48 GRKs have a nearly identical active site signature in the kinase domain: Ile197, Met274, Asp278, and Ser334 (GRK2 numbering). GRK2-Ala484 in the AST region is not structurally equivalent to ROCK1-Phe368, but it likewise makes contacts with ligands in the active site. 49 Thus, it stands to reason that if one can develop potent inhibitors of ROCKs that are selective versus most other AGC kinases, then one should be able to develop potent and selective inhibitors of GRKs. Taking advantage of the distinct signature residue in the GRK active site (GRK2-Ser334) may be key to developing compounds that are selective for GRKs over ROCKs. Thus, it is important to understand how known ROCK inhibitors interact with and are affected by substitutions at this position.
The most rigorous evaluation of how ROCK selectivity is achieved was performed by comparing atomic structures of the pyridine containing inhibitor Y-27632 and an isoquinoline inhibitor series represented by fasudil, hydroxyfasudil, and H-1152P (Figure 2b −e, respectively) in complex with ROCK1 50 with those of the same compounds in complex with PKA. 50, 51 H-1152P is the most potent (K i = 6 nM) and selective for ROCK1 (50−500-fold). Y-27632, although less potent (K i = 150 nM), is also highly selective (>30-fold), whereas fasudil is not selective. All four inhibitors make similar hydrogen bonds with the kinase domain hinge via their aromatic pyridine or isoquinoline rings, which bind in the adenine subsite ( Figure  4a ). The remainder of each inhibitor occupies the ribose subsite, but none recapitulates the hydrogen bond formed by the 3′-OH of ATP. One of the most important conclusions from these comparisons is that the smaller Ala215 signature residue in ROCK1, analogous to Thr183 in PKA, allows inhibitors to bind deeper in the ROCK1 active site cleft, resulting in a ∼7°change in orientation from the PKA-bound structure. 50 Interestingly, fasudil, which inhibits ROCK1 and PKA equally well, adopts a distinct conformation in each complex due to different modes of interaction with signature position ROCK1-Asp60/PKA-Glu127.
Even more potent and selective inhibitors of ROCKs have been reported that exploit other conserved features of the AGC kinase active site. Azaindole-1 (Figure 2f ) is very potent inhibitor of ROCK1 and ROCK2 (IC 50 = 0.6 nM and 1.1 nM, respectively). 48 When evaluated against a panel of over 100 other kinases, only a few receptor tyrosine kinases showed significant inhibition. Modeling suggests that in addition to the expected hinge interactions the compound likely forms specific contacts with ROCK1-Asp160 and -Asp202. A series of inhibitors consisting of an indazole group amide linked to a series of dihydropyrimidines has been shown to have high potency (IC 50 = 5 nM) and >200-fold selectivity over evaluated related kinases such as RSK1. 52 The crystal structure of one of these derivatives (compound 12, Figure 2g ) in complex with ROCK1 revealed that the flat aromatic indazole ring forms the expected hydrogen bonds with the hinge in the adenine subsite, whereas the dihydropyrimidine occupies the ribose subsite and forms a hydrogen bond with Asn203, a residue that contributes to Mg 2+ coordination in the kinase·ATP complex. A hydrogen bond with the side chain of catalytic Lys200 was also postulated to increase binding affinity. Another series of indazole containing compounds led to the identification of compound 18 ( Figure 2h ) that exhibits 650 nM potency against ROCK1 and ROCK2. 53 The in vitro selectivity of this compound was not reported, but it did not inhibit the phosphorylation of non-ROCK substrates in cancer cells. Unlike compound 12 above, compound 18 extends a phenyl ring into a pocket in the polyphosphate subsite formed between the P-loop and the aliphatic portion of the active site Lys105. A drug series based on a pyridylthiazole scaffold led to the discovery of RKI-1447 ( Figure 2i ) and RKI-1313 (Figure 2j ) (IC 50 = 14.5 and 6.2 nM, respectively) 54 and of compound (R)-14f ( Figure 2k ) (IC 50 = 30 nM), 55 which also exhibit high selectivity. Their pyridine rings form the expected hydrogen bond with the hinge as observed for Y-27632, and their terminal meta-hydroxy or ortho-methoxy phenyl rings bind in the polyphosphate subsite much like the phenyl group of compound 18. Potent 2H-isoquinolin-1-one containing compounds bind to the hinge in a manner similar to hydroxyfasudil, 56, 57 and one such compound (inhibitor 32; IC 50 = 11 nM, Figure 2l ) has a para-chlorophenyl group that docks into the polyphosphate binding site in a manner similar to that of compound 18, RKI-1447, RKI-1313, and (R)-14f. Thus, occupation of the polyphosphate binding pocket by a substituted phenyl is another commonly observed feature among ROCK inhibitors.
The publically available crystal structures of ROCK·inhibitor complexes along with their buried accessible surface area (ASA) and reported inhibition constants are listed in Table 1 . Examination of their properties leads to several conclusions. As noted previously, 50, 51 there is a rough correlation between potency of inhibition and total buried surface area but not with the number of hydrogen bonds. This correlation is strongest when examining a series of inhibitors against the same protein kinase. The most potent inhibitors are typically those that bury >250 Å 2 of accessible surface area. Some of the most selective, e.g. H-1152P, make only a few strong hydrogen bonds with the protein. These molecular principles are likely equally important for the development of potent and selective GRK2 inhibitors.
■ NON-DRUG-LIKE INHIBITORS OF GRKS
Early studies of GRKs examined their inhibition by highly charged molecules. Polycations such as spermine (IC 50 = 990 μM), spermidine (IC 50 = 2.6 mM), and polylysine (IC 50 = 69 μM) inhibit GRK2 weakly, but anionic compounds such as heparin and dextran sulfate show much greater potency (IC 50 = 0.15 μM). Inhibition by anionic compounds could be counteracted through the addition of cations, suggesting that the underlying mechanism is electrostatic neutralization. 58 Indeed, it is likely that polyanions mask highly basic regions of GRK2 that are necessary for beneficial interactions with the cell membrane or that line the basic polypeptide binding groove on the large lobe. 59 However, such highly charged, membraneimpermeable molecules hold little promise for therapeutic development.
Peptide inhibitors derived from the first intracellular loop of the hamster β 2 -AR exhibit IC 50 values as low as 40 μM for GRK2, and sequence optimization decreased these values to 600 nM. 60, 61 However, even the most potent of these peptides has poor selectivity over GRK3 (2.6 μM) or GRK5 (1.6 μM). Interestingly, these peptides are noncompetitive for both receptors and ATP, 61 which suggests that they may not be targeting the GPCR binding site of these GRKs as originally intended. This theory is consistent with the fact that most residues in the first intracellular loop of the activated β 2 -AR are not available for intermolecular contacts. 3 Regardless, expression of the optimized peptide is capable of inhibiting GRK-dependent cointernalization of heterodimers of the angiotensin-1 and bradykinin-2 receptors, 62 and the peptide can promote tumor growth, suggesting that stimulation of growth pathways may be part of the cardioprotective effects observed for GRK2 inhibition. 62, 63 Another peptide inhibitor study investigated the ability of a set of peptides derived from helices 3, 9, and 10 of GRK5, the α9 helix of GRK5/6, and the carboxyl terminal tail of transducin to inhibit GRK2, GRK5, GRK6, and GRK7. 64, 65 Greater than 50% inhibition was measured at 100 μM concentrations of each peptide, but, like the hamster β 2 -AR derived peptides, they exhibit low selectivity among GRKs.
An RNA aptamer (C13) potently inhibits GRK2 (IC 50 = 4 nM) with 20-fold selectivity over GRK5 and nearly is most ordered in the GRK6·sangivamycin complex, but it is also relatively well ordered in the GRK2·paroxetine complex, which is believed to adopt a conformation analogous to that of a product complex. These GRK2 structures feature a kinase domain with a more closed conformation than that observed in the balanol and Takeda103A complexes. Note the strong structural similarity of paroxetine with inhibitor 32 in Figure 4b. undetectable inhibition of other evaluated protein kinases, including the AGC kinases AKT1 and ROCK2. 66 The crystal structure of a truncated variant of the aptamer in complex with GRK2 and Gβγ (PDB ID: 3UZT) 67 revealed that an adenine nucleotide in a hairpin loop of the RNA aptamer binds in the active site in a manner that mimics the substrate ATP. Other regions of the aptamer make extensive interactions with the large lobe of the kinase domain, remodeling basic regions of the protein so that they can better interact with the polyanionic phosphodiester backbone of the RNA. Because the affinity of the aptamer was reduced substantially at high ionic strength, the manner in which the RNA aptamer binds the large lobe of GRK2 could be representative of the mechanism of inhibition by polyanions such as heparin.
■ SMALL MOLECULE GRK2 INHIBITORS
The drugs tamoxifen and chloropromazine have been reported to inhibit GRK2 with IC 50 values ranging from 30 to 45 μM, but these compounds are unlikely candidates for GRK inhibitor design due to their strong inhibition of other targets. 68 In another report, low-potency, but reasonably selective, inhibitors of GRK2 were rationally designed (IC 50 = 125−500 μM).
69 A more recent study reported development of a molecule (compound 1o) that has IC 50 values of 460 and 59 nM for GRK2 and GRK5, respectively, as measured using a timeresolved fluorescence resonance energy transfer assay. 70 However, none of these inhibitors have yet been structurally characterized in complex with a GRK and thus their mechanisms of action are unknown.
The cancer chemotherapeutic sangivamycin (Figure 2m ) is a potent GRK inhibitor with K i values ranging from 0.2−10 μM (J. Tesmer, unpublished data). 71 However, like many other adenine nucleoside analogues, it is a promiscuous inhibitor that inhibits other AGC kinases such as PKC 72 and nonserine/ threonine kinases such as the epidermal growth factorreceptor. 73 Sangivamycin was crystallized in complex with GRK6 74 and, not surprisingly, binds in the active site in the same manner as that of the adenosine moiety of the substrate ATP (Figure 5a) . Interestingly, the GRK6 kinase domain in this complex adopts the most active conformation yet reported for a GRK, and its AST region is well-ordered. The amide group at the C7 position of the diazaindole ring of sangivamycin forms van der Waals contacts with the gatekeeper residue (GRK6-Leu263) and may form a weak hydrogen bond with the side chain of GRK6-Asp329. Otherwise, the inhibitor binds in a manner similar to how fasudil binds ROCK1 (Figure 2c) .
The natural product balanol (Figure 2n ) consists of four ring systems (A−D) attached in a linear manner and inhibits many AGC kinases with nanomolar potency. 75, 76 Interestingly, balanol exhibits 50-and 100-fold selectivity for GRK2 over GRK5 and GRK1, respectively. 77 Crystal structures of balanol in complex with PKA and GRK2 have been reported, 77, 78 and both illustrate a similar largely extended conformation for the compound in the active site ( Figure 5B ). The A and B rings of balanol bind in the adenine and ribose subsites, respectively, whereas the aromatic C ring binds to the polyphosphate subsite in a manner highly reminiscent of the phenyl ring of compound 18 ( Figure 2h ). The D ring extends into the hydrophobic subsite. The hydroxyl of the A ring of balanol forms two hydrogen bonds with the hinge of the kinase domain. The azepane B ring makes a hydrogen bond to the backbone carboxyl of GRK2-Ala321 (GRK2), mimicking the hydrogen bond formed by the 3′-OH of ATP. The amide linkage between the A and B rings forms a hydrogen bond with signature residue GRK2-Ser334. The C-ring forms hydrogen bonds with a backbone nitrogen in the P-loop and with GRK2-Asp335. Two more hydrogen bonds are formed by the D ring with a backbone amide of the P-loop and the side chain of Glu239 (Table 1) . As in the case of staurosporine, these hydrogen bonds involve backbone atoms or side chains conserved across all AGC kinases, likely contributing to the relatively poor selectivity of the drug. Balanol stabilizes a conformation of the kinase domain of GRK2 that closely resembles what is believed to be the apo state of GRK2 ( Figure  5b) . 77 Via docking studies, it was conjectured that less optimal contacts made by the A ring of balanol and by unconserved positions in the active site accounts for its lower potency against GRK1 and GRK5.
Two closely related compounds identified by Takeda Pharmaceuticals Inc. (101 and 103A, Figure 2o ,p) exhibit similar potency of inhibition against GRK2 as that of balanol (Table 1 ), but they have dramatically better selectivity for GRK2 over other GRKs and AGC kinases (IC 50 > 2 μM).
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The conformation of the GRK2 kinase domain in complex with these compounds is very similar to that of GRK2 bound to balanol. 80 Like balanol, these molecules consist of four ring systems (A−D) attached in a linear fashion that occupy the adenine, ribose, polyphosphate, and hydrophobic subsites (Figure 5c ). Their A, C, and D rings adopt similar orientations. Interestingly, the Takeda compounds only form van der Waals interactions with the hinge via their A rings. The B ring of the Takeda compounds is a methyl or propyl triazole that packs closely against the small lobe of the kinase domain, essentially where the α-phosphate of ATP would bind, forming a hydrogen bond with the side chain of Lys220. The methyl or propyl group fills the rest of the ribose subsite. The triazole ring also forms close contacts to the side chain of GRK2-Ser334, one of the signature residues. Despite structural differences in the D rings of the two Takeda compounds and balanol, the conformation of residues bounding this site (Phe202, Leu235, Leu338) is similar in each complex, and the D ring of each inhibitor is poorly ordered, suggesting high mobility in this pocket. These compounds form only two obvious hydrogen bonds, one with Lys220 and another with the P-loop, far fewer than that of balanol. Potency of inhibition by the Takeda compounds was insensitive to site-directed mutagenesis of active residues that differ among GRKs. 80 Thus, the selectivity of these compounds for GRK2 may be dictated primarily by the unique open, inactive conformation of its kinase domain that may increase buried surface area or, alternatively, avoid steric clashes that may in occur in the apo conformations favored by other GRK subfamilies. The fact that the Takeda compounds do not form the stereotypical hinge interactions may also contribute to selectivity. Despite the ability of Takeda compounds 101 and 103A to augment cardiac inotropy, 79 to date there has been no further information reported on them, suggesting that they have undesirable qualities that preclude advancement to clinical trials.
The selective serotonin reuptake inhibitor paroxetine ( Figure  2q ) was identified as part of a high-throughput screen that measured the ability of small molecules to displace a fluorescently tagged version of the C13 aptamer. 49, 81 Although the screen had the potential to identify ligands that bind outside the active site, paroxetine was shown to bind directly in the orthosteric site. 49 Paroxetine is a much less potent inhibitor than balanol or the Takeda compounds, with IC 50 values ACS Chemical Biology ranging from 5 to 20 μM, 49, 82 depending on the assay conditions. However, it exhibits selectivity for GRK2 over GRK1 (16−60-fold) and GRK5 (13−50-fold) . Paroxetine also has an approximately 10-and 40-fold selectivity for GRK2 over PKA and PKC, respectively. 82 The drug exhibits a number of striking structural similarities to some of the ROCK inhibitors described above, in particular compound 18 ( Figure 2h ) and inhibitor 32 (Figure 2l ). It has a relatively low molecular weight, a large planar ring system that binds in the adenine subsite, and a para-fluorophenyl group that docks in the polyphosphate subsite (Figure 5d ). Like the ROCK inhibitors, it traps the GRK2 kinase domain in a relatively closed conformation that results in partial ordering of the GRK2 AST, which forms van der Waals contacts with the piperidine B ring of the drug. Otherwise, the manner in which the drug binds is very similar to that of the A−C rings of balanol (Figure 5b ). Like some of the ROCK inhibitors, the benzodioxole ring of paroxetine forms one conventional and one carbon−oxygen hydrogen bond with the hinge, although the carbon−oxygen hydrogen bond of paroxetine is expected to be much stronger based on its distance of 2.8 Å. The piperidine ring of paroxetine makes the analogous hydrogen bond to the large lobe as that of the azepane ring of balanol. Paroxetine does not occupy the hydrophobic subsite, which may partially explain its lower affinity compared to that of balanol and the Takeda compounds. Because the K D of paroxetine for GRK1, GRK2, and GRK5 is statistically the same and the structure of the active site in the GRK1·paroxetine complex is essentially the same as that of GRK2·paroxetine, the main driver of selectivity of paroxetine among GRKs seems to be the lower affinity of GRK2 for adenine nucleotides. 82 Paroxetine is an FDA-approved drug that has excellent pharmacokinetic and pharmacodynamic properties. It has been shown to penetrate HEK293 cells, where it mediates GRK2-specific inhibition of thyrotropin-releasing hormone receptor, and to increase myocardial contractility in isolated mouse cardiomyocytes and whole animals. 49 Optimization of this scaffold to develop more potent and selective GRK inhibitors can hopefully preserve some of these qualities. A first attempt at rational design involved creating a benzolactam derivative of paroxetine (CCG-206584, Figure 2r ) that can form two conventional hydrogen bonds with the hinge. Although structural analysis confirmed formation of these bonds, the inhibitor exhibited only mildly enhanced potency for GRK2 and exhibited less selectivity relative to PKA and PKC. 82 This result is consistent with the ideas that additional hydrogen bonds do not necessarily increase potency (Table 1) , perhaps because of water desolvation effects, and that fewer hydrogen bonds with the hinge seems to be a route to higher selectivity.
■ CONCLUSIONS
There has recently been great progress in the identification, development, and structural characterization of potent and selective AGC kinase inhibitors. These efforts provide a starting point for the development of increasingly selective and potent inhibitors of individual AGC kinase subfamilies that could ultimately lead to the rational design of useful therapeutics. Already, fasudil is clinically approved in Japan for treatment of cerebral vasospasm, and the staurosporine analogue ruboxistaurin is in clinical trials for the treatment of diabetic retinopathy. 83 The pursuit of highly potent, selective GRK inhibitors is likewise well underway, but increases in potency and selectivity are still required. Identification of the Takeda compounds proves that nanomolar potency and high selectivity for GRK2 can achieved, as has also been demonstrated for ROCKs.
Our analysis of the properties and interactions of ROCK and GRK inhibitors suggests several design principles that may lead to higher selectivity and potency. Many of the ROCK and GRK inhibitors characterized structurally thus far contact the hinge with the edge of a planar, usually aromatic ring system that binds in the same orientation as that of the adenine ring of ATP. Two conventional hydrogen bonds with the hinge seem to decrease selectivity, as some of the most selective compounds either lack both hydrogen bonds or exhibit weaker interactions (e.g., paroxetine and the Takeda compounds for GRK2, and H-1152P for ROCK1). One explanation for this phenomenon could be that drugs with less specific or more flexible hinge interactions will have greater latitude to complement other features in the active site that may be specific to individual protein kinases, leading to increased buried surface area. These unique features may result from a distinct relative orientation of the small and large lobes, from unique side chains in the active site signature, or from the contribution of residues in the highly variable AST region. There is considerable divergence in how the inhibitors occupy the ribose subsite, although many of them form a hydrogen bond analogous to that formed by the 3′-OH of ATP. Because the chemical groups that occupy this subsite have been shown to interact with residues in the AST region, which is highly divergent even among GRKs, modifications here could be exploited to increase selectivity. Indeed, PKA, but not PKC, is sensitive to balanol derivatives with changes in the chemical structure of the B ring. 84 The polyphosphate subsite interactions are strikingly similar among ROCK and GRK inhibitors and thus it does not seem to be a subsite where selectivity among AGC kinases can be dramatically improved. However, occupation of this site clearly strongly contributes to potency. Finally, inhibitors that occupy the hydrophobic subsite, such as balanol and the Takeda compounds, are among the most potent against GRK2, but it remains to be seen if differences in this site can be exploited to achieve selectivity among GRKs. This is definitely the case for some AGC kinases. For example, removal of the carboxylate group from the benzophenone D ring of balanol led to over 2000-fold selectivity for PKA over PKC without significantly changing potency of inhibition versus PKA. 84 The molecular basis for why loss of this carboxylate leads to such a dramatic loss of potency against PKC is not clear, but it was proposed that sequence differences in the AST and αB helix near the hydrophobic subsite could play a role. The fact that ROCK1 and 2 have a phenylalanine side chain (ROCK1-Phe120) that partially occupies the hydrophobic subsite suggests that inhibitors that occupy this subsite will select against ROCKs. This idea remains to be tested. Finally, because GRKs have a serine (GRK2-Ser334) in their active site signature instead of alanine in ROCKs or threonine in most other AGC kinases, interactions with this residue could also be exploited to gain selectivity so long as the larger serine side chain does not prevent the inhibitors from maximizing their buried surface area. 50 Structural and biochemical analysis suggests that inhibitor selectivity among GRKs is driven by a number of different factors. Perhaps the most important is the ability of the kinase domain to adopt a conformation that is compatible with the compound, as seems to be the case for the Takeda compounds 49 because they interact with a conformation of GRK2 that has not yet been observed in other GRKs. Selectivity, when assessed via inhibition of phosphorylation, can also derive from differential affinities of these kinases for their substrates and products. Indeed, GRK2 binds ATP and ADP less tightly than does GRK1 or GRK5, 82 leading to more potent IC 50 values of paroxetine against GRK2.
In summary, it is now clear that selective inhibitors with nanomolar potency for GRKs can be identified. These compounds bear many similarities to ROCK1 and 2 inhibitors. Furthermore, GRK inhibitors can have both desirable drug-like properties and high selectivity. Future generations of rational design are expected to lead to the development of even more selective chemical probes that can be used to deconvolute GRK function in cells, where multiple GRKs are expressed, and of drugs that could be used to treat heart failure and other GRKdependent pathophysiological conditions.
